We conducted a mitotic localization study on gene products encoded by 56 uncharacterized fission yeast ORFs that were transcriptionally up-regulated during meiotic division. Despite meiotic gene induction, these genes were expressed during mitosis as well. Seven gene products were localized in the nucleus and/or chromatin; another one was a mitosis-specific spindle pole body component and, intriguingly, its human homologue was also localized in the centrosome of cultured HeLa cells. Two products appeared to be localized in cytoplasmic microtubules, whereas four were mitochondrial proteins. Three other proteins were found in the medial ring upon cytokinesis and another was localized on the entire cell periphery. The remaining 38 proteins were detected in the cytoplasm and showed varied spatial patterns. This systematic study helps our integrated understanding of all the protein functions in the fission yeast as a eukaryotic model.
The localized position of each protein in the cell provides critical information about the function of a protein in various biological processes.
1) The introduction of the green fluorescent protein (GFP) as a tool in molecular cell biology has enabled revolutionary advancements in our understanding of protein localization and its spatio-temporal regulation during the cell cycle and the developmental programme.
2) 2011 marks the 10th anniversary of the completion of the Human Genome Project, and the genomic sequences of many organisms are now known. The next important step is to determine the localization of all the gene products produced from the genome, thereby providing catalogues of protein localization data called the localizome (a global analysis of protein localization). 3) As has been the case with genome sequencing, such genetically amenable model organisms as yeast, worm and fly also offer ideal systems with which to create the localizome.
The fission yeast, Schizosaccharomyces pombe, is one of the most powerful experimental organisms, together with the budding yeast, Saccharomyces cerevisiae. The complete genomic sequence of the former was presented in 2002, 4) and several pioneering efforts attempting to create a genome-wide localizome of S. pombe have been reported. 3, 5) However, one drawback remains, despite these valuable studies. The data previously presented were obtained from fission yeast strains in which the proteins of interest were overproduced with fluorescent protein tags. It is known that many proteins undergo artificial mislocalization under forced overproduction, 6) so it is therefore important to observe the protein localization produced under physiological conditions. Examining the cellular localization of each protein derived from its endogenous gene under its native promoter without any ectopic expression can achieve this. The ease of protein tagging with fluorescent markers (e.g., GFP, YFP, CFP and others) at the C-terminus in a yeast makes this an ideal system to be followed. [7] [8] [9] [10] We chose for the present study 56 uncharacterized ORFs transcriptionally induced during meiotic division of S. pombe, and produced strains in which the Cterminus of each protein prior to the termination codon was tagged with GFP. The biological roles of the proteins translated from most of these ORFs were unknown. Microscopic observation of individual GFP signals displayed characteristic localization patterns, by which these proteins were categorized into eight groups. Interestingly, one protein, which was localized in the spindle pole body (SPB, the yeast equivalent of the animal centrosome), is conserved in humans, and its human counterpart is also localized in the centrosome.
Materials and Methods
Fission yeast strains, media and genetic methods. Strain 513 (h À leu1 ura4) was used as the host for attaching the GFP tag at the C-terminus of each gene product produced from its endogenous promoter. Correct integration of the GFP-containing cassette sequence 7) was verified by colony PCR. The following three strains were used for time-lapse imaging:
.04-GFP-kan R ). Standard methods were followed as previously described. 7, 8, 11) Selection of ORFs. Three steps were applied for gene selection. First, ORFs were selected that were transcriptionally induced during meiotic division (561 middle genes). 12) Second, ORFs were chosen from this selection that had not previously been characterized; in other words, no related research papers on these ORFs or their homologues in other organisms had been published (150 ORFs were selected in this step). Third, these candidates were narrowed down to ORFs that encoded proteins consisting of more than 130 amino acid (aa) residues. It has become clear that the fission yeast genome contains many (>100) small protein (<100 aa)-encoding ORFs, the existence of which had not previously been appreciated, 3, 13) but we did not select these ORFs in this study, because C-terminal tagging might have interfered with the functions of these small proteins (42 ORFs). 56 ORFs were further arbitrarily chosen from the remaining 118 ORFs for the subsequent localization study.
Light microscopy of the fission yeast. Each GFP-tagged strain was grown in either a rich YES5 or minimal EMM2 medium and microscopically observed. Fluorescence microscopy was performed by using a Zeiss Axioplan microscope, a C4742-95 chilled video charge-coupled device camera (Hamamatsu Photonics) and Volocity 3.1 software (Improvision) or the DeltaVision system described next.
Live time-lapse images were taken by using an Olympus IX70 wide-field inverted epifluorescence microscope equipped with an Olympus PlanApo 100Â NA 1.4 oil-immersion objective. SoftWoRx 3.3.0 DeltaVision image acquisition software (Applied Precision) in conjunction with Coolsnap HQ (Roper Scientific) were used to capture the live images which were then processed with Adobe Photoshop CS4. The sections of images at each time point were compressed into a two-dimensional (2D) projection by using the DeltaVision maximum intensity algorithm. Deconvolution was applied before the 2D projection.
Human cell cultures, micro-injection and imaging. HeLa cells were cultured at 37 C in Advanced DMEM (Gibco BRL) supplemented with 2% fetal bovine serum, glutamax-I (200 mM), penicillin (100 U/mL), streptomycin (100 mg/mL) and fungizone (250 ng/mL) in the presence of 10% CO 2 . A micro-injection study on the cellular localization of the human homologue of SPBC32H8.09 was conducted on cDNA (accession no. NM 017818.2, OriGene Technologies) cloned into pVenus-C1 and pVenus-N1, which are respective derivatives of pEYFP-C1 and pEYFP-N1 (Invitrogen), in which EYFP was replaced with Venus. Cerulean-tagged Plk1 was produced from pCerulean-Plk1, a derivative of previously described pEYFP-C3-Plk1.
14)
The cells for microscopic observation were grown in a 35-mmdiameter glass-bottomed dish (WillCo Wells), the culture medium being replaced with Leibovitz's L-15 medium (Gibco BRL) supplemented with 10% fetal bovine serum, penicillin (100 U/mL) and streptomycin (100 mg/mL). Plasmids were micro-injected at a concentration of 3 ng/mL into the G2 cells by using a semi-automatic microinjector (Eppendorf) on a Leica DMIRBE microscope. DIC and fluorescence images were captured every 3 min with a DeltaVision Spectris deconvolution microscope (Applied Precision, Seattle, WA, USA), using a 60Â lens. A modified version of Image J software (NIH) was used to make moving images.
Results and Discussion

Selection and C-terminal GFP tagging of uncharacterized ORFs
Of the >5,000 genes (5,144 genes according to the most recent annotation) found in the fission yeast genome sequence, 561 genes (middle genes) are transcriptionally up-regulated during meiotic division. We selected 56 ORFs from these that had not previously been characterized (see the Materials and Methods section for a description of the selection criteria). We observed localization of these meiotically up-regulated gene products during the vegetative cell cycle. Note that, despite meiotic gene induction, the selected genes were also expressed during the vegetative cycle. Previous genome-wide gene expression profile analyses have shown that many genes (e.g., phosphatase-encoding cdc25 þ , cyclin B-encoding cdc13 þ , kinesin-5 encoding cut7 þ and others) required for mitotic progression were transcriptionally up-regulated during meiotic division and that their meiotic gene induction was often more robust than that observed during mitotic cycles. 12, [15] [16] [17] We therefore anticipated that, by selecting meiotically up-regulated genes, we could identify novel genes playing some important roles in mitotic events. 
3,18)
ÃÃÃ Data shown in the Sanger Centre Schizosaccharomyces pombe GeneDB (SPD sites) are also used. ÃÃÃÃ These data were adopted from the Sanger Centre (http://old.genedb.org/). These genes appear to exist in only S. pombe, not in other Schizosaccharomyces species, including S. octosporus, S. cryophilus, and S. japonicus. not in metazoans (2 ORFs, Y); and (iv) found only in Schizosaccharomyces species (29 ORFs, orphan). C-Terminal GFP tagging of the gene products encoded by all these ORFs was successfully performed, and all of the tagged strains divided normally when compared with the untagged host, indicating that GFP tagging did not cause any advert effects on these strains.
Localization patterns of the 56 novel gene products Microscopic observation of living cells containing each GFP-tagged ORF enabled us to classify the 56 proteins into the eight localization groups described next (see Table 1 for a summary).
Nucleus Seven ORFs (each ORF is subsequently represented by its coding protein and its gene) displayed nuclear signals (Fig. 1A and Supplemental Fig. S1A , see the Biosci. Biotechnol. Biochem. Web site). Nuclear signals from GFP that were hemispherical in shape, rather than uniformly round, were judged as coming from chromatin. Two ORFs (SAPC890.04C and SPAC5D6.02C) were assigned as chromatin-localizing proteins as a result. It should be noted that the GFP signals of SPBP23A10.14C, SPAC5D6.02C (Fig. 1A) and SPCC1682.03C (Supplemental Fig. S1 ) were exhibited as discrete intranuclear dots in addition to background nuclear/chromatin staining. This may imply that these proteins were involved in gene silencing, 19) telomere functions 20) or mRNA degradation, 21) as the components involved in these processes have reportedly shown similar, if not identical, intranuclear dots. SPB SPBC32H8.09 showed SPB staining; intriguingly only mitotic SPBs were positive, whereas during the interphase, weak but discernible nuclear signals were apparent (Fig. 1B) . This pattern is characteristic of Msd1, which is required for anchoring the minus end of spindle microtubules to the SPB.
6) The functional and physical interactions of these two proteins are under investigation.
SPBC32H8.09 is conserved in metazoans, including humans, and we were therefore interested in exploring the conservation of localization patterns between yeast and humans. To this end, we cloned this putative human homologue into mammalian expression vectors as the Venus-fused gene, followed by micro-injecting into HeLa cells. Cerulean-Plk1 (polo-like kinase 1, a centrosomal marker) 14) was co-microinjected to assign the position of the centrosome. A live image analysis intriguingly indicated that the human homologue was co-localized with Cerulean-Plk1 in the centrosome (the arrows in Fig. 2 ). Like that in the fission yeast (see Fig. 1B ), this protein also displayed background nuclear staining, but unlike SPBC32H8.09, which is a mitosisspecific SPB protein, the human homologue appeared to have been localized in the centrosome during both interphase (top row in Fig. 2 ) and mitosis (bottom row). SPBC32H8.09 and its human homologue thus seemed to be respectively conserved components of SPB and the centrosome. This notion was recently verified by two independent genome-wide projects on human proteins which also showed that the human homologue was localized in the centrosome. [22] [23] [24] Microtubule Two ORFs (SPAC1687.10 and SPBC25B2.07C) showed filamentous structures (Fig. 1C) which were very similar to microtubules. A previous localization study using overproduced ORFs has also assigned these proteins to the microtubule-binding category.
4)
Medial ring/Septum Three were ORFs localized in the medial region in dividing cells. A closer inspection of the GFP signals derived from each strain, however, showed that these three proteins were present in distinct medial structures. The medial signals of SPAC12B10.10 showed a constriction in the dividing cells (top and bottom cells in Fig. 1D ), indicating that this protein had been colocalized with the cytokinetic actomyosin ring. 25, 26) In contrast, the medial signals of neither SPAC17G8.12 or SPBC27.04 displayed this constriction, implying that these two ORFs might have been directed to either the septum or the medial cell wall.
In order to distinguish and clarify in more detail the medial structures in which these three ORFs had been localized, we performed time-lapse live imaging of the dividing cells. mCherry-tagged 2-tubulin (mChAtb2) 27) was introduced into each strain in addition to the GFP-tagged ORF for assessing the cell cycle stages. Figure 3 and Supplemental Fig. S2 clearly show the constriction of medially-localized SPAC12B10.10 ( Fig. 3A and Fig. S2A ). In sharp contrast, the medial GFP signals of SPAC17G8.12 and SPBC27.04 remained without constriction (Fig. 3B and C and Supplemental Fig. S2B and C) . When cell division finally occurred, these signals were observed along the newly formed cell walls in each dividing cell. In comparison with SPBC27.04, SPAC17G8.12 displayed more punctate patterns. It should be noted that SPAC17G8.12 was also localized in the cell tip as dots (36 min in Fig. 3B ), suggesting that this protein was localized in the growing sites of the cell and in the cytokinetic medial region.
Plasma membrane SPAC8C9.04 was localized in both the cell periphery and medial region, but not in the intracellular membranous structures (Fig. 1E) . This ORF had been assigned to the orphan category (Table 1) , and its amino acid sequence did not suggest any membrane-spanning domain. 24 (min) Cytoplasm Eleven ORFs (the GFP signals of SPBC21D10.08C and SPCC663.15C are shown in Fig. 1F , and the remaining ones shown in Supplemental Fig. S1F ) were uniformly cytoplasmic. Some ORFs displayed both cytoplasmic and nuclear signals (e.g., SPBC21D10.08C), whereas others exhibited only cytosolic signals (e.g., SPCC663.15C).
Mitochondria Four ORFs showed characteristic mitochondrial patterns (SPAC1610.04 and SPBC115.02C in Fig. 1G and the others shown in Supplemental Fig. S1G ). All these ORFs had previously been assigned as mitochondrial proteins (Table 1) . 4) Dot, Fiber and Granule Approximately 50% of the ORFs (27, Fig. 1H and Supplemental Fig. S1H ) belonged to this group which could be further subgrouped into three categories: i.e., punctate signals (Dot, SPBC211.03C), fibrous structures (Fiber, SPAC3H1.13) and numerous cytoplasmic granular bodies (Granule, SPAC17A2.08C). The GFP signals observed in some strains were very weak, often making it technically difficult to distinguish these signals from non-specific autofluorescence derived from yeast cells, perhaps from vacuoles, independent of GFP tagging.
We performed in this work a protein localization study on 56 uncharacterized ORFs of fission yeast that were transcriptionally up-regulated during meiotic division. One ORF was a mitosis-specific SPB component that is conserved in humans, and it is interesting that we could show its human homologue also to be localized in the centrosome. It is noteworthy that, given the meiotic induction of these ORFs, it would be important and of interest to also examine the localization of each gene product during meiosis. Some proteins may either be localized in meiosis-specific structures or differently from the mitotic patterns. Successful identification of these novel ORFs as genes encoding the proteins localized in specific organelles and cellular compartments has supported the notion that our initial selection of meiotically up-regulated genes would be a reasonable strategy with which to unearth important novel proteins involved in mitotic progression.
